We compared the congruence in genetic variation and phylogenetic relationships among mitochondrial DNA (mtDNA) haplotypes detected with restriction-fragment-length polymorphisms (RFLPs) and sequence analysis in the brook charr, Sulvelinus fontinalis Mitchill. This was accomplished by analyzing variation both at 172 restriction sites subsampling 903 bp over the entire mitochondrial genome and in the sequence of a 300-bp segment of the control region among the same 33 individuals. The sequence and RFLP analyses were highly congruent both in terms of mtDNA variants detected per number of nucleotides sampled and in assessing phylogenetic relationships among haplotypes. Therefore, variation observed in a small segment of the control region was representative of that existing over the entire genome. The major difference between both approaches was in the number of mutational changes observed per nucleotide in the sequence analysis. This number was approximately twice as high as that in the RFLP analysis. Nevertheless, the level of variation observed in the control region of charr was less than expected a priori on the basis of previous observations in other vertebrates. Lower mutation rates may be related to an unusually low transition : transversion ratio ( 8 : 3 ) for mtDNA intraspecific variation in vertebrates. The combined restriction-site and sequence data resolved at least three distinct phylogenetic groupings in S. fontinalis. However, and despite the high-resolution level of the study (> 1,200 bp screened, or 7% of the mitochondrial genome), some major branching patterns in gene tree topology remained unresolved, which stresses the importance of recognizing large standard errors associated with sequence variability when phylogeny is reconstructed.
Introduction
The analysis of mitochondrial DNA (mtDNA) variation has been widely used to address questions in population biology. Until recently, mtDNA variation was almost exclusively assessed by digestion of the entire mitochondrial genome by using restriction endonucleases and by separation of the resulting fragments, according to their molecular size, by gel electrophoresis (RFLP analysis). Automation of the polymerase chain reaction (PCR; Mullis et al. 1986 ) provides sequence information on specific sections of the genome in large-scale population surveys. Sequencing via PCR procedures is now widely used for macroevolutionary studies, and its use for studying intraspecific genetic variation is increasing rapidly (Vigilant et al. 1989, 199 1; Meyer et al. 1990 ; Thomas et al. 1990; Carr and Marshall 199 1; McVeigh et al. 199 1; Smith and Patton 199 1; Fajen and Breden 1992; Patton and Smith 1992) . The potential technical and analytical superiority of PCR sequencing versus RFLP analysis has been addressed by several authors (e.g., see Kocher et al. 1989; Swofford and Olsen 1990; Carr and Marshall 199 1) . However, there are few data available that allow empirical comparisons of the efficiency of both approaches in detecting genetic variation and assessing phylogenetic relationships. These two aspects are of concern in intraspecific mtDNA studies (Avise et al. 1987 ) . Previous studies have not consistently supported the higher performance of sequence analysis in detecting variation. For example, Edwards and Wilson ( 1990) showed that sequence analysis of the cytochrome b gene and RFLP analyses were congruent both in the level of variation detected and in reconstructing phylogenies in Australian songbirds (Pomatostomus) . In fishes, indirect comparisons of variation detected by mtDNA RFLPs and cytochrome b sequence analysis produced conflicting results. For instance, Car-r and Marshall ( 199 1) argued that higher variation was detected via sequencing in the Atlantic cod (Gadus morhua), while comparable low levels of variation were detected by both methods in Atlantic salmon, Salmo salar (Birt et al. 1986; McVeigh et al. 199 1) . In a comparative study performed on the same individuals, Beckenbach et al. ( 1990) showed that sequence divergence estimates obtained by sequencing 2,2 14 bp of mtDNA coding regions were approximatively half those measured by RFLP analysis in the rainbow trout ( Oncorhynchus mykiss). The authors concluded that the lower variation observed in sequence analysis resulted from not surveying the most variable regions of the genome.
Studies of mammalian mtDNA variation have revealed that the most variable segments of the mitochondrial genome are located in the noncoding, control region (D-loop) (Cann et al. 1984) . Consequently, it has been shown that sequencing of these "hypervariable" segments reveals higher variation, relative to RFLP analysis (e.g., see Desmarais 1989; Vigilant et al. 1989) . There is little information available to confirm whether the higher variability of the control region also holds true in other vertebrates-namely, in fish. There are indications from the literature that the mitochondrial control region may not be as variable in some fish species as it is in mammals ( Meyer et al. 1990; Bernatchez et al. 1992 ) . Conversely, Brown et al. ( 1993 ) observed that the substitution rate of the white sturgeon (Acipenser transmontanus) D-loop region was comparable to rates for hypervariable sequences in the human D-loop region. These contrasting results suggest that differences in patterns of mutation and constraints may exist between the control region of teleost and chondrostean fish.
The objective of this paper was to assess the congruence in genetic variation and phylogenetic relationships among haplotypes detected with RFLPs and sequence analysis of the mitochondrial control region in a teleost fish. This was accomplished by performing DNA sequencing on selected brook charr (Salvelinus fontinalis Mitchill) identified as belonging to divergent RFLP haplotypes.
Material and Methods

RFLP Analysis
In a previous study of wild and hatchery brook charr from Ontario (Danzmann et al. 199 1 a, 199 1 b) , 27 distinct mtDNA haplotypes were identified by using 46 hexameric and multihexameric restriction enzymes that surveyed 172 sites. This corresponds to 903 bp (5.4% of the molecule) after adjustment is made for the semiisoschizomer sites. Details about technical procedures of mtDNA purification and analysis, as well as the complete list of endonucleases used, are provided elsewhere (Danzmann et al. 199 1 b) . A restriction site map of the brook charr mtDNA molecule was constructed for the polymorphic restriction enzymes by conducting a series of single and double digests (N. Billington, personal communication).
Sequence Analysis
Purified mtDNA template was available for 33 individuals representative of 2 1 of the 27 haplotypes identified by RFLP analysis in a larger number of individuals. mtDNA of one individual of each haplotype was sequenced, except for the most common haplotypes ( 1, 6, 18, and 2 1; table 1 ), for which four representatives were analyzed. PCR amplifications were performed as outlined in the paper by Bernatchez et al. ( 1992) . The entire control region ( -1 kb) was amplified by using primers LN20 (5'ACCACTAGCACCCAAAGCTA) and HN20 (5'GTGTTATGCTTTAGTTA-AGC), located, respectively, in the proline and phenylalanine tRNA genes. Doublestranded PCR product was purified and sequenced as described by Bernatchez et al. ( 1992) , except that an internal primer (H2; 5'CGTTGGTCGGTTCTTAC) located 350 bp from LN20 was used for sequencing. Thus, we sequenced a total of 340 bp, including 40 bp of the proline tRNA gene and the adjacent 300 bp of the 5' end of the control region. This segment of the control region is homologous to one of the hypervariable segments reported in mammals. The proline tRNA gene segment was not consistently resolved on all individuals and therefore was not considered in further analyses.
Nucleotide-Variation Analysis
The presence/absence matrix of restriction sites constituted the raw data for all RFLP analyses. The total number of nucleotide substitutions between each pair of mtDNA haplotypes ( dses) was estimated by using the correction of Jukes and Cantor ( 1969 ) with DNADIST. This method does not make correction for different rates of substitution for different nucleotide pairs. However, this has little effect on estimates of d at low divergence levels (i.e., co.15 ) (for a discussion on uses of different methods for estimating d, see Nei 1987, pp. 64-72) . Divergence levels were much lower than 0.15 in this study. Thus, d estimates from both data sets were comparable. We then regressed corrected pairwise distance measures obtained from RFLP and sequence analyses.
We also estimated the efficiency of both methods of detecting mtDNA diversity, by use of the combinatorial approach (Hebert et al. 1988 ) as applied by Bernatchez et al. ( 1989) to mtDNA data. Thus, the relationship between the number of mtDNA haplotypes detected as a function of genome sampling was quantified by an incremental random choice of nucleotides. For RFLP data, results were obtained by an incremental random choice of two restriction enzymes. We then attributed the number of nucleotides to their respective restriction enzymes, which yielded a sum of nucleotides for any enzyme combination. For sequence data, we performed an incremental random choice of 25 nucleotides. In all cases, the random choice was repeated 20 times for each incremental step.
Phylogenetic Analysis
Both restriction-site and sequence data were subjected to character-based analyses using PHYLIP version 3.3 provided by Joe Felsenstein (Department of Genetics, University of Washington, Seattle). Phylogenetic trees were constructed according to a maximal parsimony criterion by using the MIX and DNAPARS programs. The 
NOTE.--capital refer to different detailed by Danzmann et al. (1991~) . DNA template for haplotypes 10, 11, 17, and 25-27 was not available for sequence analysis.
majority-rule consensus tree and confidence statements on branches were estimated by running 100 replicates of the bootstrapping procedure using BOOT and DNABOOT programs. As there was no overlap of mutational sites detected by RFLP and sequence analyses (N. Billington, personal communication ) , both data sets were pooled to construct the overall phylogenetic tree.
Results
Nucleotide Variation
The 27 haplotypes observed in the RFLP study were generated from variation at 20 polymorphic sites of 172 sites ( =903 bp) surveyed (table 1) . Pair-wise estimates of sequence divergence among haplotypes were 0.00 1 l-0.0 132 [mean 0.0062, standard deviation (SD) 0.00341, implying 1-12 (mean 5.6, SD 3.0) observed mutations.
Of 340 bp sequenced, 300 bp of the control region were surveyed for all individuals ( fig. 1 ). Eleven polymorphic positions were detected; they were due to eight transitions, three transversions, and a simple deletion. Nine sequence haplotypes were identified among the 33 individuals analyzed (table 2) . Pair-wise sequence divergence estimates (i.e., dseq) among the 2 1 individuals sequenced who corresponded to 2 1 distinct RFLP haplotypes were 0.000-0.023 (mean 0.0 10, SD 0.0067), implying O-7 mutational steps (mean 3.1, SD 2.0). While many distinct RFLP haplotypes collapsed into the same sequence haplotype, there was only one instance of a different sequence haplotype that was undetected with RFLP analysis (6d; table 2).
Fewer variable sites were detected in the sequence analysis; however, the observed number of mutations corrected for the number of nucleotides surveyed was higher in sequence analysis, except at low levels of divergence ( fig. 2 ) . There was a strong positive linear relationship between estimates based on both methods. The slope value ( 1.86) of the best-fit linear model indicated that the number of mutations per nucleotide that were detected with sequence analysis was approximately twice that of the number detected with RFLP analysis at d > 0.0025 (i.e., the intercept with the one-to-one curve in fig. 2 ). 
Nos. refer to distinct haplotypes revealed by RFLP analysis. b Nos. refer to sequence position in fig. 1 . The nucleotide at each position is for the first haplotype; for the other haplotypes, the nucleotides are given when different, while identity is indicated by dashes. Del = a deletion.
The relationships between the numbers of haplotypes detected as a function of the number of nucleotides sampled indicated an almost identical efficiency ofsequence and RFLP analyses in detecting mtDNA variants ( fig. 3 ) . In both cases, this relationship was best defined by a linear regression ( fig. 3 ) . When the regression equations were applied, an average of nine haplotypes were detected in sequence analysis, as opposed to eight detected by RFLP when 300 nucleotides were screened. At 900 nucleotides screened, 2 1 haplotypes were resolved by RFLPs, while 24 would have been found by sequence analysis, under the assumption of an extrapolation of the linear model beyond 300 bp for sequence data.
Phylogenetic Trees
High levels of phylogenetic congruence were obtained between the RFLP and DNA sequence results (fig. 4) . The most parsimonious tree obtained for RFLP data required a minimum of 27 mutational steps for 20 mutated sites (consistency index 0.74). Two main clusters of haplotypes (A and C) were supported at 79% and 100% bootstrapping levels, respectively, while other haplotypes (cluster B) formed an unresolved grouping.
The consensus tree obtained from sequence analysis required a minimum of 12 mutational steps for 11 mutated sites (consistency index 0.9 1). All haplotypes forming clusters A, B, and C in the RFLP tree also clustered distinctively in sequence analysis, with very comparable confidence statements. Elements of congruence were also observed at lower branching levels. For instance, pairs of haplotypes 18 and 20, 13 and 14, and 4 and 5 clustered together in both analyses. Conversely, minor discrepancies were observed. Haplotype 6d was identical to haplotypes 13 and 14 in sequence analysis. Haplotype 7 clustered with haplotypes 4 and 5 in sequence analysis but not in the RFLP analysis.
The overall consensus tree obtained by pooling both RFLP and sequence data sets required 39 required mutational steps for 3 1 mutational sites (consistency index 0.80) (fig. 5) . The combination of both data sets added a single additional haplotype (6d) to the 2 1 identified by RFLPs alone. The haplotypes clustered into three groups The one-to-one relationship is illustrated by a dotted line.
identical to those described above. All bootstrapping values on major branches were increased by pooling of both data sets, which provided an additional indication of their congruence. However, group B still received low bootstrapping support, as did the branching pattern among the three groups that represent an unresolved trichotomy. To further assess the statistical significance of similarity in phylogenies resolved from RFLP and sequence analyses, we conducted an analysis of correlation along branches of both trees. To do so, we constrained the RFLP and sequence data separately to fit the topology of the combined RFLP and sequence tree. We then correlated the lengths of each branch for both data sets. As expected from the observed similarity in the general topology and bootstrapping support of both RFLP and sequence trees ( fig.  4) , their branch lengths were positively correlated ( r = 0.78, n = 23). This comparison gave additional support to the hypothesis that RFLP and sequence data sets produced similar trees.
Discussion
The present study indicates that both a sequence analysis of the control region and a random RFLP study over the entire mitochondrial genome were highly congruent in terms of both detecting the number of mtDNA variants per number of nucleotides sampled and depicting phylogenetic relationships among haplotypes. Therefore, variation observed in a 300-bp segment of the control region appeared to be representative of that existing over the entire genome.
The major difference between the two approaches is in the number of mutational changes observed per nucleotide sampled among the mtDNA variants found with sequence analysis, compared with RFLP analysis. At low divergence (d < 0.0025), higher estimates were observed with RFLP. This usually implied a situation where mtDNA variants differing by a single mutational change in the RFLP analysis collapsed into a single haplotype in sequence analysis. At d < 0.0025, higher divergence estimates in sequence analysis could be related either to a lower efficiency of RFLPs in detecting variation or to a higher mutational rate of the control region. The detection of mtDNA variants by RFLPs is only limited to variation found in palindromic sequences and may lead to an underestimation of the actual variation (see Carr and Marshall 199 1) . Furthermore, independent mutational changes occurring within the same restriction site may be undetected, thus underestimating divergence estimates or causing artifactual homoplasy. Mutational changes occurring in proximity may also go undetected because of limits in the resolution of fragment mobility detected by gel electrophoresis.
Despite these potential limitations, lower divergence estimates were observed in a sequence analysis of a 2,2 14-bp region encompassing ATPase 6, CO III, ND 3, ND 4L, tRNAGLY, and tRNAARG genes in rainbow trout, Oncorhynchus mykiss, where the same individuals were used for both sequencing and an RFLP study ( Beckenbach et al. 1990 ). They found that divergence estimates based on RFLPs were approximately twice as high as those estimated from sequence analysis. Similarly, in a study of Australian songbirds (Pomatostomus), Edwards and Wilson ( 1990) reported lower or comparable divergence estimates in sequence analysis of the cytochrome b gene, versus RFLP analysis performed over the entire molecule. It thus appears more likely that the detection of higher divergence estimates in sequence analysis in the present study was more related to a higher mutational rate of the control region in Salvelinus fontinalis, compared with the rest of the molecule.
Our results corroborate the observations of a higher rate of mutation in the mitochondrial control region relative to coding regions, as generally reported in mammals as well as in chondrostean fishes . However, we observed major differences both in the level and the types of mutation occurring in brook char-r. It has been frequently reported in mammals that segments of the control region evolve 5-15 times faster than the rest of the mtDNA genome ( Aquadro and Greenberg 1983; Cann et al. 1984; Desmarais 1989; Vigilant et al. 1989 ) . Brown et al. ( 1993 ) recently reported for white sturgeon a substitution rate in the D-loop region similar to that reported for humans. At best, we found in brook char-r a ratio of 1.9 : 1 for a segment of the control region homologous to a hypervariable segment reported in mammals and sturgeon.
The apparently lower mutation rate of the brook charr control region may be related to differences in the type of mutations. It has been widely documented in vertebrates that, at the intraspecific level, there is a strong mutational bias toward transitional events outnumbering transversions by a 10 : l-32 : 1 ratio, in both proteincoding genes and noncoding regions of birds (e.g., see Edwards and Wilson 1990) and mammals (reviewed in Moritz et al. 1987) , as well as in coding regions of fishes (Carr and Marshall 199 1; McVeigh et al. 199 1) . Brown et al. ( 1993 ) also observed in the D-loop region of sturgeon a transitional bias (27 : 1) similar to that reported for humans. The 8 : 3 ratio observed in the present study contrasts with those observations but is comparable to the situation reported in the brown trout, Salmo trutta, where 17 transitions were observed for every 6 transversions (Bernatchez et al. 1992 ). This ratio also contrasts with a transition-based ratio ( 14 : 0) observed in an ongoing analysis of sequence variation in the coding cytochrome b and ATPase subunit VI genes of brown trout (E. Giuffra, L. Bernatchez, and R. Guyomard, unpublished results). This suggests that transitional mutations may be more restricted (or selected against) in the control region of these salmonids, thus leading to the decrease in the detectable mutation rate. The recent observation of a low transition : transversion ratio (approximately 3 : 1) in the D-loop region of a distantly related fish species (Poecilia reticulata) indicates that this phenomenon is not unique to salmonids but may be widespread in teleosts (Fajen and Breden 1992) .
At present, we can only speculate on the causes of low transition/transversion mutational events observed in the control region of these salmonids. One explanation may be that the lower probability of transitions is related to structural or functional needs of maintaining a nonrandom nucleotide composition in the control region. For instance, it is well documented in Drosophila that the noncoding region containing the origin of replication for the mitochondrial genome (and therefore functionally homologous to the control region in vertebrates) is very A+T rich, i.e., 90%-100% (e.g., see Fauron and Wolstenholme 1980) . These authors related such a disproportionately high A+T :G+C ratio to structural constraints linked to mechanisms of DNA replication in Drosophila. Consequently, and in opposition to the prevailing situation in vertebrates, transversions equaled or outnumbered transitions within the A+T-rich region of Drosophila species (e.g., see Clary and Wolstenholme 1987) . Furthermore, the rate of mutation in this region was not significantly higher than that in the coding regions (Clary and Wolstenholme 1987) .
The control regions of brook charr and brown trout are also biased toward a higher A+T: G+C ratio (66 : 34 and 68 : 32, respectively), compared with mammals. Conversely, the A+T:G+C ratio in the rest of the mtDNA molecule of Salvelinus fontinalis and Salmo trutta does not appear biased. On the basis of the A+T:G+C composition of the recognition sequences of the restriction enzymes used in this study, a 47 : 53 recognition ratio was expected in the restriction sites detected when random cuts to the genome and an equal A+T:G+C composition are assumed. The observed ratio was 49 : 5 1, which suggests that the frequency of A+T is not disproportionate in the overall mitochondrial genome. For brown trout the ongoing analysis of sequence variation in the coding cytochrome b and ATPase subunit VI genes (E. Giuffra, L.
Bernatchez, and R. Guyomard, unpublished results) revealed an A+T:G+C ratio of 52: 48. Structural or functional needs to maintain a given A+T composition in the control region of salmonids could therefore lead to a lower probability of transitions mtDNA Sequence Variation in Salvelinus fontinalis Mitchill 1013 (either A-G or C-T), because the frequency of different kinds of point mutations is expected to be a function of base composition (e.g., see Aquadro and Greenberg 1983) and because any transitional events will change the A+T:G+C content of the control region. Similarly, transversions that would not affect the A+T: G+C composition (i.e., A-T or G-C)
should be more probable than other types. Although the present results tend to support this hypothesis, too few mutations were observed to quantify the frequency of each type of transversion.
